The aim of this study was to determine the accuracy of monoclonal antibodies (mAbs) in identifying culturable allergenic fungi present in visible mould growth in energy efficient homes, and to identify risk factors for exposure to these known allergenic fungi. Swabs were taken from fungal contaminated surfaces and culturable yeasts and moulds isolated by using mycological culture. Soluble antigens from cultures were tested by ELISA using mAbs specific to the culturable allergenic fungi Aspergillus and Penicillium spp., Ulocladium, Alternaria, and Epicoccum spp., Cladosporium spp., Fusarium spp., and Trichoderma spp. Diagnostic accuracies of the ELISA tests were determined by sequencing of the internally transcribed spacer 1 (ITS1)-5.8S-ITS2-encoding regions of recovered fungi following ELISA. There was 100% concordance between the two methods, with ELISAs providing genus-level identity and ITS sequencing providing species-level identities (210 out of 210 tested). Species of Aspergillus/Penicillium, Cladosporium, Ulocladium/Alternaria/Epicoccum, Fusarium and Trichoderma were detected in 82% of the samples. The presence of condensation was associated with an increased risk of surfaces being contaminated by Aspergillus/Penicillium spp. and Cladosporium spp., whereas moisture within the building fabric (water ingress/rising damp) was only associated with increased risk of Aspergillus/Penicillium spp. Property type and energy efficiency levels were found to moderate the risk of indoor surfaces becoming contaminated with Aspergillus/Penicillium and Cladosporium which in turn was modified by the presence of condensation, water ingress and rising damp, consistent with previous literature.
Introduction
Increased exposure to indoor damp and associated fungal contamination is a worldwide public health concern because of its association with an increased risk of allergic diseases (Fisk et al., 2007; Mendell, 2014; Quansah et al., 2012) , now present in around a third of the European population (Annesi-Maesano and Moreau, 2009) . Fungal growth on surfaces in homes increases resident's exposures to elevated concentrations of spores and hyphal fragments (Sharpe et al., 2014c) , which in turn is influenced by the type of material (Andersen et al., 2011) , moisture (Flannigan et al., 2011) , indoor air velocity, and the types of fungi present (MensahAttipoe et al., 2014) . There is limited research assessing how the interaction between occupant behaviours and the built environment regulates the diversity of allergenic fungi (Sharpe et al., 2014b) . This is important to consider because different genera of allergenic fungi are associated with the development (Reponen et al., 2011) and exacerbation of asthma (Sharpe et al., 2014b) , and a phenotype of severe asthma in sensitised individuals (Denning et al., 2014; Denning et al., 2006) . Despite current knowledge of the involvement of fungal allergens in the pathophysiology of allergic diseases, fungi as a prominent source of allergens are still largely neglected (Crameri et al., 2013) .
Culturability of fungal propagules has a profound effect on the production of allergens, with culturable spores having a greater potential to evoke inflammatory disease than dead ones when deposited in the respiratory tract (Lee et al., 2006; Sercombe et al., 2004) . Furthermore, increased allergen production during spore germination has been demonstrated (Green et al., 2003; Lee et al., 2006; Mitakakis et al., 2001; Sercombe et al., 2004) . Consequently, Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/envres methods of identification are needed that extend beyond categorisation of fungal contamination by the presence of dampness and visible fungal growth, to detection of culturable moulds known to cause allergic reactions such as Aspergillus (Gravesen et al., 1999; Patterson and Strek, 2010; Shen et al., 2007) , Penicillium (Gravesen et al., 1999; Shen et al., 2007) , Ulocladium (Gravesen et al., 1999; Kaur et al., 2010) , Alternaria (Breitenbach and Simon-Nobbe, 2002) , Epicoccum (Bisht et al., 2000) , Cladosporium (Breitenbach and Simon-Nobbe, 2002; Gravesen et al., 1999) , Trichoderma (Lübeck et al., 2000) , and Fusarium species (Verma and Gangal, 1994) . Identifying risk factors that promote the growth of these allergenic fungi can inform housing interventions aimed at ameliorating disease symptoms in susceptible populations. Tailored housing improvements offer a cost-effective approach to delivering healthcare to individuals suffering from moderate to severe asthma (Edwards et al., 2011) and improving lung function of individuals residing in, for example, mould contaminated water-damaged homes (Norbäck et al., 2011) .
The Environmental Relative Moldiness Index (ERMI), which encompasses a range of fungal indicator species (Vesper et al., 2007) has been adopted, albeit principally in the US, as a method for categorising the extent of indoor fungal contamination. The index has been used to determine levels of risk to fungal exposure in the home and to predict the occurrence of illness in homes (Vesper et al., 2006) . Based on mould-specific quantitative PCR (MSQPCR), it determines loads of fungal DNA in dust samples and is being increasingly used because of its low detection limit and high specificity (Méheust et al., 2013) . While MSQPCR is precise, it is based on nucleic acid-based detection methods that are unable to differentiate between DNA derived from live and dead propagules. Furthermore, the US Environment Protection Agency has not validated or peer reviewed MSQPCR or ERMI for public use, considering it to be a research tool only, despite firms offering remediation services based on results of ERMI surveys.
No studies have investigated the combined use of culture and well-characterised fungal-specific monoclonal antibodies (mAbs) as a means of detecting and identifying culturable allergenic fungi indoors, or to use this approach to determine potential risk factors that regulate their occurrence in homes. In this study, we combine asset management, epidemiology, detection using mAb-based ELISA and validation using Internal Transcribed Spacer (ITS) sequencing of fungi, to determine potential risk factors that promote the growth of culturable allergenic Aspergillus, Penicillium, Ulocladium, Alternaria, Epicoccum, Cladosporium, Trichoderma, and Fusarium spp. in energy efficient homes. This is the first time, to our knowledge, that mAbs have been used to assess how demographic and environmental factors modify the growth of these allergenic moulds.
Methodology

Study population
Ethical approval for this cross sectional study was granted by the University of Exeter Medical School, application number 13/ 02/013. The Cornish Health project was conducted during 2013 and 2014 in collaboration with a social housing association located in the SW of Cornwall, England which manages around 4,000 social housing properties (Sharpe et al., 2015b) . We worked closely with the social housing associations customer services contact centre to recruit study participants from the target population (customers of the social housing association) (Sharpe et al., 2015b) . Using a standard template (Appendix A), customers from 83 social housing properties (those who contacted customer services between April and September 2013) were randomly selected and asked whether they wished to participate in the Cornish Health project. Interested participants were subsequently sent a covering letter and information sheets, and were then contacted by telephone five days after the postage date of each letter to arrange a home visit. Written consent was obtained using a form containing a series of scripted questions concerning participant involvement in various elements of the study. We used face-to-face questionnaires to collect demographic, behavioural and health data from participating adults (Appendix B), which was followed by an environmental survey using a standardised template (Appendix C).
Property data
Property records from the social housing association were obtained from the asset management and stock condition database in February 2014 and merged using a unique household identifier. Data included residency period, property age and build type, type of heating, glazing, insulation levels, energy efficiency ratings and date of any property upgrades. Energy efficiency ratings were calculated according to the Government's Standard Assessment Procedure (SAP). SAP 2009 was used for compliance with building regulations in England & Wales (BRE, 2013) for new builds (Part L1A) and existing buildings (Part L1B). It is the chosen methodology for delivering the EU performance of building directive (EPBD) and is used in the calculation and creation of Energy Performance Certificates (Kelly et al., 2012) . SAP is calculated for both new and existing builds, and ranges from 0 to 120 with 120 representing the highest energy efficiency rating. SAP ratings were provided by the social housing provider and were auto-assessed using RDsap 9.91 (BRE, 2014) and taken from new build energy assessments (Department of Energy & Climate Change, 2014).
Socio-economic status (SES)
We obtained the IMD scores for 32,482 LSOAs (Large Super Output Areas) in England and Wales: each area contains a mean population of between 1000 and 1500 people (ONS, 2014) . The score uses the English Indices of Deprivation 2010 to identify areas of England experiencing multiple aspects of deprivation, and were merged with our data using property full postcodes.
Questionnaire data
Questionnaires were designed to collect data on participant demographics on all occupants and environmental exposures thought to influence the risk of asthma initiation and/or exacerbation (Dales et al., 2008; Gaffin and Phipatanakul, 2009 ). Boxes were provided for either partner in the household to provide answers (Appendix B). Questions covered participant age, sex, height, weight; smoking status; employment; cleaning regimes; number of rooms carpeted; pets; health data on asthma, allergy and chronic bronchitis or emphysema; heating/ventilation regimes and whether participants thought damp/mould impacted their family's health. We modified the LARES project questionnaire (Ormandy, 2009 ) and ISAACs definitions (Asher et al., 1995) to assess the exacerbation of wheeze, and then current asthma by asking participants if they had seen a doctor in the last 12 months and/or take medication for asthma.
Environmental data
Home surveys were conducted throughout the year with 10, 5, 3, 10, 2, 2, 2 and 7 visits being carried out during April, May, June, July, May, September, December and January 2013/14, respectively. A trained investigator (RS) carried out environmental surveys using a Protimeter MMS2 damp meter Model: BLD8800 (General Electric, MA, US), which was calibrated according to the manufacturer's settings. Visual inspections were made to identify areas of condensation, water leakages and rising damp. Indoor ambient air temperature (°C), relative humidity (%), dew point temperature (°C) and vapour pressure (kPa) readings were recorded from each room surveyed. We also collected the same readings from directly outside each property. High moisture generating properties were assessed by calculating excess vapour pressure (indoor minus outdoor vapour pressure), where a limit of 0.6 kPa was set in accordance to the British Standard BS 5250:2011 (BSI, 2011 . The following measurements and limits were set in accordance to the protimeter manufacturer guidelines. Risk of condensation was measured by the difference (T Diff°C), which is the difference between ambient dew point temperature (7 0.3°C) and the external wall surface temperature (°C) of each room surveyed. In accordance to the manufacturer's meter settings and guidelines, we categorised T Diff as r0°C ¼condensation, 4 0 to r3°C ¼risk of condensation and 43°C no risk of condensation. Wall dampness was assessed using a non-invasive probe measuring relative moisture at 15 mm (two readings taken at 1 m intervals from the top of the skirting boards), which ranged from 60 (dry) to high moisture content (999) relative scale. Wall dampness was categorised as o170 ¼dry wall, Z170 but o 200 ¼risk of damp and Z200 ¼dampness. Relative humidity (Z65%), vapour pressure (41 kPa), wall surface temperature difference of o3°C (TDiff) and visual signs of dampness were used as dichotomous exposure variables.
Fungal sample plan
In parallel to the collection of environmental data, contaminated surfaces with visible fungal growth were identified and selected for sampling following a home walk through with each participant and using the environmental survey. We planned to take a single sample from each surface with visible fungal growth in a home (i.e. all individual contaminated surfaces were sampled). When there was more than one surface with visible fungal growth in a room or hallway, we extracted a single sample from each contaminated site. These locations were along the window recess, along the ceiling/wall junction and floor/wall junctions and in isolated locations with water damage (leaks or rising damp). We obtained a single sample from each surface (i.e. a wall, ceiling or floor area) in severe cases where whole surfaces had signs of condensation and visible fungal growth. Samples were collected from contaminated surfaces located in the bathroom, main bedroom, child's bedroom, the hall way, kitchen, landing, living room and utility, making up 21.9% (n¼ 46), 30.5% (n ¼64), 12.9% (n ¼27), 6.2% (n ¼13), 5.7% (n¼ 12), 1% (n¼ 2), 19.5% (n ¼41) and 2.4% (n ¼5) of the total samples, respectively. Details of the number of samples taken from each property surveyed, and within each room are provided in Appendix E. The location, clustering and number of samples taken from each room and home are accounted for in our statistical analysis plan described below.
Fungal sampling within the home
Surface swabs were taken using sterile cotton buds wetted with sterilised water. For each of the rooms surveyed, lawns of fungal debris were prepared on-site by gently stroking the swabs across the surface of malt extract agar (MEA) culture plates containing the broad-spectrum antibiotic rifampicin (MP Biomedicals). After transportation to the laboratory (within 48 h), the plates were incubated under a 16 h fluorescent light regime at 26°C. Fungi were separated on the basis of gross morphological characteristics and sub-cultured on MEA as axenic cultures.
Growth of fungi and preparation of antigens
For antibody specificity tests, fungi were grown as two replicate MEA slope cultures and surface washings containing soluble antigens were prepared using phosphate buffered saline (PBS: 0.8% NaCl; 0.02% KCl; 0.115% Na 2 HPO 4 ; 0.02% KH 2 PO 4 ; pH7.2) as described in Thornton (2001) . Protein concentrations, determined spectrophotometrically at 280 nm (Nanodrop, Agilent Technologies Limited, Berkshire, UK), were adjusted to 60 mg ml À 1 buffer. 50-ml volumes were then used to coat the wells of Maxisorp microtitre plates (Nunc DIS-971; Thermo Fisher Scientific, Leicestershire). After incubating overnight at 4°C, wells were washed four times with PBST (PBS containing Tween-20, 0.05% (v/v)) and once each with PBS and dH 2 O and air-dried at 23°C in a laminar flow hood. The plates were stored in sealed plastic bags at 4°C prior to ELISA tests.
Enzyme-linked immunosorbent assay
Wells containing immobilised antigens were blocked for 10 min with PBS containing 1% (w/v) bovine serum albumin (A-2153; Sigma Chemical Company, Poole, United Kingdom) and then incubated for 1 h with hybridoma tissue culture supernatants containing fungus-specific monoclonal antibodies (mAbs). The mAbs used were mAb JF5 (mouse IgG3 specific to Aspergillus and Penicillium spp. (Thornton, 2008) ), mAb ED7 (mouse IgM specific to Fusarium spp. Thornton and Wills, 2015) , mAb MF2 (mouse IgM specific to Trichoderma spp. (Thornton et al., 2002) ), mAb OX-CH1 (mouse IgM specific to Cladosporium spp. (Karpovich-Tate et al., 1998)), and mAb PC3 (rat IgG2a specific to Ulocladium, Alternaria, and Epicoccum spp. (Karpovich-Tate and Dewey, 2001)). After washing four times (5 min each time) with PBST, wells were incubated with goat anti-mouse polyvalent (immunoglobulin classes IgG, IgA, and IgM) peroxidase conjugate (A-0412; Sigma)(mAbs JF5, ED7, MF2, OX-CH1) or goat anti-rat peroxidase conjugate (G-8154; Sigma) (mAb PC3), both diluted 1 in 1000 in PBST containing 0.5% (w/v) BSA, for a further hour. Wells were rinsed four times with PBST, once with PBS and bound antibody was visualised by incubating wells with tetramethyl benzidine (T-2885; Sigma) substrate solution (Thornton, 2001 ) for 30 min. The reactions were stopped by the addition of 3 M H 2 SO 4 . Absorbance values were determined at 450 nm with an automated microplate reader (Dynex Technologies, Billingshurst, UK). Working volumes were 50 ml per well, control wells were incubated with tissue culture medium (TCM) containing 10% (v/v) foetal bovine serum, and incubation steps were performed at 23°C in sealed plastic bags.
Identification of fungi by analysis of the ITS regions of the rRNA-encoding gene unit
Representative isolates of antibody-reactive and antibody nonreactive fungi recovered from the 32 households were used to determine the accuracy of the mAb-based ELISA tests. Species were identified by sequencing of the ITS1-5.8S-ITS2 region of the rRNA-encoding gene unit according to procedures described elsewhere (Thornton et al., 2002) using the primers ITS1ext (5′-GTAACAAGGTTTCCGTAGGTG-3′) and ITS4ext (5′TTCTTTTCCTCCG CTTATTGATATGC-3′). Newly determined sequences were submitted to GenBank, and accession numbers KP794062 to KP794197 were obtained. Species designations of recovered fungi are shown in Appendix D.
Statistical analysis
Aspergillus/Penicillium, Ulocladium/Alternaria/Epicoccum, and Cladosporium groupings identified using the mAbs were used as our dichotomous outcome variables for statistical analysis because we were interested in factors regulating their presence or absence on contaminated surfaces. Due to a small sample size, Fusarium and Trichoderma were omitted from these analyses. Our small sample size also prevented us from developing multiple environmental categories or continuous variables such as variations in temperature, humidity and vapour pressure. Behavioural, built environment and survey data previously described as dichotomous exposure variables were also used in our analyses. Descriptive statistics were used to depict the demographic and housing characteristics of participating homes. In order to help reduce the impact of multiple testing, we developed a detailed analysis plan to investigate the demographic and built environment risk factors. In accordance with our analysis plan, Pearson's chi-squared tests were used to assess differences between our exposure and outcome variables of interest. We adopted a survey methodology that resulted in multiple samples being taken from each house with visible fungal growth. For this reason we used multilevel mixed-effects logistic regression (fixing each household surveyed and the location of each sample) to account for residual variance that may occur between groupings of fungal samples, which was carried out using the meqrlogit command in Stata version 13.0 (Stata Corp., College Station, US). We used an a priori in our adjusted models, which included occupancy rates, outdoor ambient air temperature and whether households said they ventilated to minimise dampness and fungal growth because these have been found to modify the risk of fungal growth. Both chisquared tests and logistic regression was used to assess whether (1) signs of dampness, condensation and fungal odour, (2) increased household energy efficiency and (3) behavioural/housing characteristics, increased the risk of indoor surfaces being contaminated with Aspergillus/Penicillium, Ulocladium/Alternaria/Epicoccum, or Cladosporium spp.
Results
Study characteristics
The study achieved a response rate of 49% and the results are based on 41 participating households and 93 inhabitants. Children had a slightly higher prevalence of doctor diagnosed asthma (30%) and allergy (18%) when compared to adults (24% and 16%, respectively). A high proportion of homes had visible fungal growth (78%) and the presence of a fungal odour (37%). Participant behaviours and building characteristics varied (Table 1). Mean air temperature, relative humidity, dew point temperature and vapour pressure readings taken from living rooms and main bedrooms were slightly greater than ambient levels taken from outside each property. 60% of rooms had windows open, and mean external wall surface temperatures were greater than dew point temperatures, although homes had varying levels of dampness related problems and the majority of homes had their chimneys sealed with air vents (Table 2 ). The demographics of our target population (those living in homes owned and managed by the social housing provider) differed slightly from our study participants (Table 1) in terms of a mean age (36 versus 59 years), proportion of male residents (44% versus 41%) and occupancy rates (2.3 versus 1.7 persons per house). Household demographics of target homes were similar to participating homes in terms of their IMD score (mean 28.4 versus 34.1), build age (1967 versus 1968) , energy efficiency (SAP 66.0 versus 65.7) and use of gas heating (53 versus 55%) (Sharpe et al., 2015b) .
Use of monoclonal antibodies to identify fungi and confirmation of antibody specificities by using ITS sequencing
Five specific mAbs were used to identify fungal genera in ELISA tests of crude antigen extracts from axenic fungal cultures. All five of the mAbs were shown to be specific for their target species (Appendix D). Of the 204 fungal isolates tested by ELISA (i.e. all fungal isolates taken from the original surface swabs of visible fungal growth in participating homes), 40% reacted with mAb JF5 (specific for Aspergillus and Penicillium spp.), 27% reacted with mAb CF1 (specific for Cladosporium spp.), 9% reacted with mAb PC3 (specific for Ulocladium, Alternaria, and Epicoccum spp.), 3% reacted with mAb ED7 (specific for Fusarium spp.), and 3% reacted with mAb MF2 (specific for Hypocrea (Trichoderma) spp.). The remaining fungi were unrelated species non-reactive with the five mAbs tested. ITS sequencing of 136 of the fungal strains confirmed antibody specificities, with mAb JF5 reacting specifically with strains of Aspergillus candidus, A. flavus, A. oryzae, A. tennesseensis, A. tubigensis, A. versicolor, and strains of Penicillium brevicompactum, P. chrysogenum, P. concentricum, P. commune, P. copticola, P. corylophilum, P. crustosum, P. expansum, P. glabrum, P. polonicum, P. toxicarium, and P. tricola. Fungi reactive with mAb CF1 were identified as Cladosporium cladosporioides, C. lignicola, C. ossifragi, and C. sphaerospermum. Fungi reactive with mAb ED7 were identified as Fusarium oxysporum and F. solani, while fungi reactive with mAb MF2 were identified as teleomorphic or anamorphic Trichoderma spp. including Hypocrea atroviridis (anamorph T. atroviride), H. lixii (anamorph T. harzianum), H. viridescens (anamorph T. viridescens) and T. viride. Fungi reactive with mAb PC3 included the target species Alternaria alternata, Epicoccum nigrum, and Ulocladium obovoideum, and Pyrenochaeta unguis-hominis, a dematiaceous fungus belonging to the mitosporic Pleosporaceae group that includes the genera Alternaria and Ulocladium (Liu, 2011) . The antibody also cross-reacted with a single isolate of the unrelated allergenic fungus Phoma herbarum. None of the mAbs cross-reacted with the unrelated fungi identified using ITS sequencing including the moulds Acremonium sclerotigenum, Bjerkandera adusta, Eutypa lata, Nectria maurtitiicola, Peniophora lycii, Periconia byssoides, Pseudeurotium bakeri, the yeasts Candida famata (Debaryomyces hansenii), Candida intermedia, Candida parapsilosis, Candida spencermartinsiae, Cryptococcus diffluens, Meyerozyma guilliermondii, Rhodotorula mucilaginosa, or the yeast-like fungus Aureobasidium pullulans.
Indoor condensation and presence of an odour
We assessed whether the presence of condensation and odour were risk factors for the target genera of interest. Signs of condensation increased the risk of surfaces being contaminated with Aspergillus/Penicillium (OR 2.37; 95% CI 1.05-5.36) and Cladosporium (OR 4.32; 95% CI 1. 23-15.20) in the adjusted models, but not Ulocladium/Alternaria/Epicoccum (Table 3) . On further investigation the presence of condensation increased the risk of all three groups of fungus when we combined them into unadjusted models (OR 2.85; 95% CI 1.15-7.10) and adjusted models (OR 2.52 95% CI 1.06-5.99). Only Aspergillus/Penicillium was associated with signs of water damage (plumbing leakages) and rising damp in properties surveyed (OR 2.08; 95% CI 1.02-4.23). The presence of a fungal odour was associated with increased risk of Cladosporium in the unadjusted model (OR 2.96; 95% CI 1.19-7.32), but not in the adjusted model. No association was observed with odour and Aspergillus/Penicillium and Ulocladium/Alternaria/Epicoccum. We observed no association between mean wall moisture readings (two taken at 1 m intervals to assess water ingress in the building fabric) or other dampness measures (wall surface temperature and vapour pressure) and risk of either fungus.
Aspergillus/Penicillium and Ulocladium/Alternaria/Epicoccum were not associated with elevated relative humidity, but high relative humidity was inversely associated with risk of Cladosporium (OR 0.40; 95% CI 0.17-0.91). On further investigation (Appendix E) we found that mean relative humidity was similar in ventilated and unventilated homes and we observed higher vapour pressure readings (indoor minus outdoor readings) in unventilated homes. However, mean values did not exceed those typically found in a UK property (0.5-0.6 kPa) during the winter months (BSI, 2011).
Energy efficiency and risk of allergenic fungi
Increased household energy efficiency was inversely associated with Aspergillus/Penicillium contamination in unadjusted models when SAP was between Z61-69 (OR 0.43; 95% CI 0.19-0.96), but not when SAP Z69-81 (OR 0.64; 95% CI 0.31-1.30). Increased energy efficiency was inversely associated with risk of Cladosporium contamination when SAP Z 66-69 (OR 0.39; 95% CI 0.20-0.76) and Z69-81 (OR 0.38 95% CI 0.16-0.87) in adjusted models. There was suggestive evidence that high SAP was associated with increased risk of Ulocladium/Alternaria/Epicoccum contamination (P ¼0.04) ( Table 4) . In additional analyses, signs of condensation was associated with an increased risk of surfaces being contaminated by Cladosporium in homes with a SAP Z66 (P o0.05), but not in low energy efficient homes. We also observed that properties with a water leak or rising damp problems were associated with increased risk of Aspergillus/Penicillium and Cladosporium in homes with a SAP Z66 (P o0.05), but not in low energy efficient homes. We observed no association with either model between water leaks or rising damp and Ulocladium/Alternaria/ Epicoccum contamination.
Demographic and housing characteristics and risk of fungus
We assessed behavioural and built environment risk factors and the presence of Aspergillus/Penicillium and Cladosporium, but excluded Ulocladium/Alternaria/Epicoccum due to the lack of power in the analyses. Participant homes that had been vacuumed prior to the home survey was inversely associated with Aspergillus/Penicillium (OR 0.46; 95% CI 0.21-0.98). Only building architecture appeared to modify the risk of fungus contaminating indoor surfaces, with a reduced (OR 0.42; 95% CI0.22-0.81) and increased (OR 3.56; 95% CI 1.41-9.05) risk of surfaces being contaminated by Aspergillus/Penicillium and Cladosporium spp., respectively (Tables 5 and 6 ). Some environmental data is missing from a small number of houses visited, which was due to limited access to those rooms (room containing dogs for example) and participants not willing access to their bedrooms.
Discussion
This is the first time to our knowledge that highly specific monoclonal antibodies (mAbs) have been used to track culturable allergenic fungi contaminating the indoor surfaces of social housing in the UK. Because of the intermittent nature of airborne spore production (Bush and Portnoy, 2001) , we chose to swab contaminated surfaces directly and to use mycological culture for fungal isolation. By combining mycological culture with highly specific mAbs we were able to detect specific groups of fungi known to be involved in human allergic diseases (Sharpe et al., 2014a) . While the mAb-based ELISA method is qualitative, detecting fungal presence rather than amount, its specificity (confirmed by ITS sequencing of recovered fungi) and combination with culture allows identification of culturable allergenic fungi in contrast to current MSQPCR DNA detection methods that are unable to differentiate between live and dead fungal biomass. The use of mAbs that detect signature antigens unique to these fungi removes the need for skilled identification based on morphological characteristics (Méheust et al., 2013) . While the mAbs used in this study were unable to identify the fungi to species level, their accuracy in detecting individual genera (Cladosporium, Fusarium and Trichoderma) or genus-level groupings (Aspergillus/Penicillium and Ulocladium/Alternaria/Epicoccum), meant that culturable allergenic fungi known to be involved in human respiratory diseases (Denning et al., 2014; Simon-Nobbe et al., 2008; Thornton and Wills, 2015) could be detected with a high degree of accuracy by using crude antigen extracts. Indeed, four of the mAbs displayed 100% specificity for their target species, while mAb PC3 targeting Alternaria, Epicoccum, and Ulocladium cross-reacted with only a single strain of Phoma, a genus not previously tested with this mAb (Karpovich-Tate and Dewey, 2001) . A major advantage of mAbs is their adaptability to field-based diagnostics such as lateral-flow assays (LFA). To this end, mAb JF5 has been used to develop a commercially available LFA for point-of-care diagnosis of invasive pulmonary aspergillosis in immunocompromised patients (Thornton, 2008; Prattes et al., 2014) . Similar LFAs incorporating the other mAbs described here could be used as monitoring tools to track contamination by known allergenic fungi. The speed, low cost and simplicity of such assays compared to relatively expensive and sophisticated laboratory-based DNA identification methods could simplify the risk assessment process. The ELISAs represent a significant improvement on diagnostic procedures based on pan-fungal cell wall constituents such as ergosterol and β(1,3)-glucan that are unable to discriminate between fungi and which can be affected by non-fungal sources (Bush and Portnoy, 2001) . Other immunoassays that have been used to monitor fungal exposure are based on allergen detection in airborne or settled dust samples. While these are able to detect single allergenic proteins they can, in some instances, be too specific, being unable to detect the presence of fungi that do not produce the precise allergens that the assays are designed to detect (Bush and Portnoy, 2001 ). Our method is not allergen-specific (i.e. not all of the species detected using the mAbs are allergenic). Consequently, immunoassays such as those described here that identify fungi directly using signature antigens, and those that detect the fungi indirectly using allergenic proteins, could be combined to provide a more accurate measure of exposure to allergenic species in the indoor environment.
Using the mAb-based ELISAs, Aspergillus/Penicillium, Cladosporium, Ulocladium/Alternaria/Epicoccum, Fusarium, and Trichoderma spp. were shown to constitute 82% of the fungal species recovered from contaminated surfaces with areas of visible fungal growth. While the presence of these fungi in the home may represent a respiratory health risk in susceptible individuals (Sharpe et al., 2014b) , further research is required to assess and compare exposures to elevated concentrations of these fungi, as well as the impact of other fungi not assessed in this study. Nearly half of the fungal isolates were collected from bedrooms within the properties surveyed, where occupants spend the majority ( $ 8 h) of their time. Aspergillus/Penicillium and Cladosporium were the most frequent fungi identified, which corresponds to other studies (Flannigan et al., 2011) . Flannigan et al. (2011) reported that spores of Aspergillus/Penicillium and Cladosporium were the most abundant types in indoor air in US homes, making up 19.8% and 38.8% of the total aerospora respectively, with Aspergillus/Penicillium exceeding outdoor concentrations. These fungi can dominate indoor environments, where they have been cultured from sputum of asthmatic and non-asthmatic individuals, and implicated in the initiation or exacerbation of asthma (Agbetile et al., 2012) . The identification and control of these high risk fungi may help to improve health and benefit asthmatic individuals (Meng et al., 2012) , although the complex interaction between occupant behaviours and the built environment must also be considered (Fig. 1) .
In keeping with our findings, other studies have found that fungal diversity (number and type of fungal genera) is modified by factors such as occupancy patterns (Howden-Chapman et al., 2005) , opening windows or use of extractor fans (Dharmage et al., 1999; Zock et al., 2002) , property type, age, architecture and, presence of carpeting/vacuuming, build age and type (Chew et al., 2003; Dharmage et al., 1999; Fairs et al., 2010; Reponen et al., 2013; Zock et al., 2002) , type of dampness problem (Gent et al., 2002; Zock et al., 2002) , sun exposure (Howden-Chapman et al., 2005) , type of heating/ventilation (Dharmage et al., 1999; Fairs et al., 2010) and the extent of household insulation (Semple et al., 2012) . Reduced risk of cold bridging (BSI, 2011) explains why increased household energy efficiency reduced the risk of surfaces being contaminated by Aspergillus/Penicillium and Cladosporium spp. Energy efficiency interventions have been found to lower the risk of visible fungal growth (Sharpe et al., 2015b) , although this is reliant on the provision of adequate heating/ventilation and maintenance levels. In this instance, we found that condensation increased the risk of Aspergillus/Penicillium, Cladosporium and Ulocladium/Alternaria/Epicoccum, which is supported by the findings of Sharpe et al. (2014c) . We also found that the presence of an odour was associated with an increased risk of Cladosporium, which is a known allergenic fungus (Simon-Nobbe et al., 2008), and may explain the associations between fungal odour, lack of ventilation and asthma (Hägerhed-Engman et al., 2009; Sharpe et al., 2015b; Sharpe et al., 2015c) . Our findings may have been influenced by the sampling method and period because we found no association with moisture readings or relative humidity. In contrast to existing knowledge, increased relative humidity reduced the risk of Cladosporium, which is an abundant outdoor fungus (Flannigan et al., 2011) . This may be a result of sampling within warmer months, limited sample size, limitations of taking spot measurements that do not take into account of fluctuations and residents opening their windows prior to the survey, which means indoor conditions reflecting outdoor humidity levels (Appendix E). Alternatively, the indoor microbial profile is a function of dispersal of fungal spores from outdoors into the indoor environment, which varies geographically (Amend et al., 2010; Vesper et al., 2011) and seasonally (de Ana et al., 2006) , and explains why some studies report slightly different findings with water leaks for example (Gent et al., 2002) . Only a subset of these organisms infiltrating the indoor environment are capable of finding suitable growth conditions, which will lead to the re-suspension of spores and hyphae should surfaces become contaminated with fungi (Adams et al., 2013) . Fungal diversity will be regulated by a number of factors including the availability of organic material (Mensah-Attipoe et al., 2015), type of material (Andersen et al., 2011) and its chemical composition, pH and physical properties (Verdier et al., 2014) , as well as temperature and moisture levels (Johansson et al., 2013) , which modifies the growth of different hydrophilic and xerophilic fungi (Flannigan et al., 2011) . Despite these limitations, our results further support the need for future energy efficiency interventions along with behavioural change to create a shift in adequate heating and ventilation patterns, which is required to avoid increased risk of condensation (BSI, 2011; Hamilton et al., 2015; Sharpe et al., 2015b) . This study highlights the necessity to effectively remediate water leaks, rising damp and condensation in properties. These measures must be delivered along with the provision of measures to help alleviate the impact of fuel poverty on vulnerable populations, which increases the risk of visible fungal contamination and odour regardless of the use of ventilation (Sharpe et al., 2015a) . Failure to include fiscal incentives/help and/or occupant awareness and educational initiatives may explain why fungal growth sometimes returns following housing interventions (Richardson et al., 2005) and why the use of mechanical ventilation failed to reduce allergen levels in a previous study (Wright et al., 2009) . A larger study population and the development of quantitative sampling using the mAbs is required to assess how different occupant behaviours and the built environment regulate fungal diversity in order to identify cost-effective measures to help prevent the reoccurrence of fungal growth. Developments in diagnostic technologies to identify and quantify fungal species will help improve our understanding of the potential health risks resulting from variations in fungal diversity (Pringle, 2013) and help develop a cost-effective approach (Méheust et al., 2013) to further our understanding into factors regulating fungal diversity. Strengths of our study include an interdisciplinary approach that uses asset management and molecular and epidemiological techniques to investigate the relationship between energy efficiency and risk of allergenic fungi. We observed high correlation between the results of fungal identification using mAb-based ELISAs and genus/species identification based on ITS sequencing. We also used face-to-face questionnaires to obtain demographic, health and behavioural data, which may reduce bias when compared to self-reported questionnaires, although both methods have been found to correlate well with building inspections ( Hernberg et al., 2014) . We also found that the study representativeness was similar to the target population (i.e. all those residing in the social housing properties), but a larger sample size is required to improve our confidence in these results. We conducted home inspections following a standard template, which was designed using previous best practice (Flannigan et al., 2011) , and a moisture meter to assess risk of dampness as set out by the British Standards Institution (BSI, 2011) . The Index of Multiple Deprivation (IMD) score was used because it has been shown to have a strong relation with health in both rural and urban areas (Jordan et al., 2004) , and found to be associated with increased risk of fungal contamination (Sharpe et al., 2015a) . A number of limitations exist. Our limited sample size and cross sectional study design prevented us from assessing natural fluctuations in dampness and fungal contamination. We did not quantify air-borne or dust-borne concentrations in indoor and outdoor environments, and were unable (with the mAbs) to distinguish between similarly related fungi such as Aspergillus and Penicillium spp. which differ in physiology, ecology and significance for health (Flannigan et al., 2011) . The prevalence of dampness problems and asthma/allergy in this study is higher than the UK National average of around 10% (Court et al., 2002) and 16% (Haverinen-Shaughnessy, 2012) , respectively. This may be due to participants having a lower SES than the UK population and/or bias due to confounding factors associated with the tendency to not respond to questionnaires/surveys. Alternatively those with current damp/fungal contamination and/or health problems may have been more likely to participate (Sharpe, 2015) . Also, the potential of selection bias may influence estimates when response rates fall below 62% (Rönmark et al., 2009) , which may be compounded by young male participants and current smokers found to typically not respond to questionnaires (Kotaniemi et al., 2001) . The methodology does not involve quantitative PCR to assess indoor fungi, making it impossible to compare our findings with the diversity and concentrations of air or dust borne fungi. The diversity of indoor fungi (i.e. the number of isolates) is relatively low as we only extracted 204 isolates from samples taken from 41 homes, which may be due to our sampling method (only swabbing of contaminated sites).
In conclusion, the combined use of culture and highly specific mAbs offers an alternative technique to PCR for assessing risk factors promoting the growth of culturable allergenic fungi known to be associated with respiratory diseases in humans. Increased energy efficiency may lower the risk of fungal contamination with Aspergillus/Penicillium and Cladosporium spp (when combined with measures to prevent condensation and/or water ingress). Home improvements must be delivered alongside changes in occupant behaviour to address the corresponding reduction in ventilation rates when homes are sealed to prevent heat loss. A larger sample and continuous monitoring of the diversity and concentrations of fungi in indoor/outdoor environments will improve our understanding into factors regulating their growth and impact on health.
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